We report on many-body corrections to one-electron energy spectra of bulk bismuth tellurohalides-materials that exhibit a giant Rashba-type spin splitting of the band-gap edge states. We show that the corrections obtained in the one-shot GW approximation noticeably modify the spin-orbit-induced spin splitting evaluated within density functional theory. We demonstrate that taking into account many-body effects is crucial to interpret the available experimental data.
I. INTRODUCTION
Recently, bismuth tellurohalides have been discovered as a new very promising class of materials for semiconductor spintronics applications. [1] [2] [3] [4] [5] [6] Due to inversion asymmetry of bulk crystal potential, these semiconductors show a giant Rashba-type spin splitting of the bulk states. A study of bismuth tellurohalides has been triggered by Ref. 1 , where the band structure of BiTeI has been investigated with angle-resolved photoemission spectroscopy (ARPES). The spin-split state experimentally observed in Ref. 1 was attributed to the bulk conduction band minimum (CBM) shifted downward due to band bending in the near-surface region and confined in the respective accumulation layer. The splitting of such a CBM was characterized by the momentum offset k R ∼ 0.052Å −1 and the Rashba energy E R ∼ 0.1 eV. These experimental values for the Rashba parameters were found to be in close agreement with those obtained from ab initio density functional theory (DFT) calculations of the bulk BiTeI band structure (0.05Å −1 and 0.113 eV, respectively, as evaluated in Ref. 1) . This fact was interpreted in favor of a bulk nature of the observed state.
In a DFT study 3 of bulk BiTeCl, BiTeBr, and BiTeI, it was revealed that these polar layered semiconductors all exhibit similarly large Rashba-type spin splittings. Additionally, in Ref. 3 and later in Refs. 4 and 7, it was shown that a free-electron-like spin-orbit-split surface state emerges in the bulk band gap at the (0001) surface of all mentioned semiconductors (hereafter we mean the Te-terminated surface). Similarly to the bulk CBM, this surface state possesses a Rashba-type spin splitting and the corresponding spin texture. Quantitatively, e.g., in the case of BiTeI, the surface-state spin splitting is described theoretically by the Rashba parameters 4 E R = 0.121 eV and k R = 0.068Å −1 . When comparing the experimental ARPES data to band structures calculated within a Kohn-Sham (KS) DFT scheme one should keep in mind that, strictly speaking, the KS energies cannot be interpreted as excitation energies. For example, the fact that the KS band gap underestimates the experimental one often by a factor of two is known as the band-gap problem of DFT. Also, the dispersion of its edges can be affected. An effective single-particle (quasiparticle) description of the many-body system can be retained if one employs an electronic self-energy that embodies the many-body exchange and correlation effects. Already on the level of the GW approximation for the self-energy, calculations of many-body corrections to KS bands allow one to significantly improve theoretical results (see, e.g., Ref. 10). However, ab initio GW calculations aimed at a study of the surface electronic structure of materials, where spinorbit interaction plays an important role, are not feasible so far.
In this paper, we present a theoretical ab initio study of the bulk band structure of BiTeX (X=I, Br, Cl) tak-ing into account many-body corrections evaluated within the GW approximation. We also distinguish between the local-density (LDA) and the generalized gradient approximation (GGA) for the exchange-correlation functional used in the calculation of the KS reference system. First, the quasiparticle corrections to the KS bulk states will provide an answer to the question of whether the corrected values of the bulk CBM Rashba parameters still match the values coming from the experimental observation. Second, the fact that the surface-state properties are predetermined by the properties of the bulk band-gap edges 3 allows one to estimate the effect of many-body corrections on the surface-state dispersion on the basis of the GW results for the bulk quasiparticle spectra.
As a first result, we find that the GW approximation provides a more consistent picture than KS-DFT: While the Rashba parameters differ substantially for LDA and GGA, they are brought back into good agreement by the quasiparticle correction, demonstrating a weak dependence on the reference KS system that is used as the starting point for the GW calculation.
We show that the quasiparticle corrections have a significant effect on the band gap and the Rashba parameters which determine the spin splitting of the band-gap edge states. For BiTeI, the resulting GW values of the bulk parameters are no longer in close agreement to the aforementioned ARPES measurements of Ref. 1. We suggest an estimate in order to predict changes in the dispersion of the surface states induced by the many-body corrections. This estimate brings the theoretical and experimental data back into good agreement. In the case of BiTeCl, the GW Rashba parameters are much closer to the experimental values than the KS results. There is only little difference between the GW bulk parameters and the estimate for the surface state, and both fall in the error range of the experiment. The quasiparticle correction to BiTeBr yields a mixed success. While it improves on the bulk parameter α R , reflecting the ratio of the Rashba energy E R and the momentum offset k R , 2 with respect to LDA and GGA, the parameters E R and k R themselves are both underestimated, and the estimate for the surface state is no improvement in this case. Yet, the theoretical LDA+GW and GGA+GW values are again in very good agreement, while the corresponding LDA and GGA show notable differences.
II. COMPUTATIONAL DETAILS
We employ the full-potential linearized augmented plane wave (FLAPW) method as implemented in the FLEUR code 11 within both the LDA of Ref. 12 and the GGA of Ref. 13 for the exchange-correlation (XC) functional. We use these two approximations in order to gain insight into the effect of different reference one-particle band structures on results obtained within the one-shot GW approximation realized by the SPEX code.
14 The DFT calculations were carried out with the use of a plane-wave cutoff of k max = 4.0 bohr −1 , an angular momentum cutoff of l max = 12, and a 7 × 7 × 7 Γ-centered k-point sampling of the Brillouin zone (BZ). In order to treat quite shallow semi-core d-states, the FLAPW basis was extended by inclusion of conventional local orbitals. 15 To more accurately describe high-lying unoccupied states, 16, 17 one local orbital per angular momentum up to l = 3 was included for each atom. The linearization energy parameters for these local orbitals were set at the "center of gravity" of the respective partial density of states for each angular momentum l within the energy interval from the Fermi level up to a higher energy of 90 eV. In order to document the quality of convergence, we report GW results obtained with different numbers of states (N b ) involved in the calculation of the dielectric matrix and the Green function and with two Γ-centered Monkhorst-Pack grids (N k × N k × N k , where N k = 5 or 6). The dielectric matrix evaluated within the random-phase approximation (RPA) was represented with the use of the mixed product basis, 18 where we chose an angular momentum cutoff in the muffin-tin spheres of 4 and a linear momentum cutoff of 3.5 bohr −1 . The spinorbit interaction was included into the GW calculations already at the level of the reference system. Not only the Green function but also the self-energy then acquire spinoff diagonal terms that lead to a many-body renormalization of the spin-orbit coupling, a phenomenon which is absent otherwise.
We consider all bismuth tellurohalides in the hexagonal crystal structure with the lattice parameters reported in Ref. 19 and the atomic positions obtained theoretically in Ref. 3 by structural optimization. The crystal structure of the compounds is built up of alternating hexagonal layers Te-Bi-X stacked along the c axis. Each three layers form a three-layer (TL) block, and the distance between these blocks is about one and a half times greater than interlayer distances within the block. BiTeBr is supposed to be in an ordered phase with the atomic order similar to that in BiTeI but with Br instead of I (see also Ref. 7) . The structure of BiTeCl differs from that of iodide in the sense that the stacking order of Cl and Te layers alternate along the c direction resulting in a doubling of the unit cell.
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III. RESULTS AND DISCUSSION
The obtained LDA bulk band structures are presented in Fig. 1 (upper row) . As seen in the figure, within the H − A − L plane (or K − Γ − M in BiTeCl, where the Brillouin-zone is folded along Γ − A owing to the doubling of the unit cell) that is normal to the Γ − A line the bands are generally spin-split. Along the Γ − A line, bands are spin degenerate and show a relatively weak dispersion compared to that along the mentioned plane. This reflects a quasi-two-dimensional character of the corresponding states, which is caused by the pronounced TL crystal structure of BiTeX. In the case of BiTeI and BiTeBr, the band gap is formed by the minima of the conduction band and the maxima of the valence band in the vicinity of the A point of the Brillouin zone (BZ). The parameters that characterize the Rashba-type spin splitting of the conduction band in the A − L direction of the BZ in BiTeI and BiTeBr are listed in Tables I and II, respectively. These parameters, and also the band gap E gap , vary notably with the approximation chosen for the XC functional. The LDA gives systematically larger k R , E R , and α R = 2E R /k R and a smaller E gap than those obtained with the use of the GGA (note that the inverse relation between α R and E gap was revealed in Ref. 2) . For BiTeI, the LDA and GGA values of k R are quite close to the experimental values found in Refs. 1 and 9. Good agreement with experiment can also be found for the Rashba energy E R evaluated within the GGA. As to the parameter α R , which is quite sensitive to even small changes in k R and E R , the GGA XC functional leads to a value that is in the error range of the experimental value 4.3±0.9 determined from the measured momentum offset and Rashba energy in Ref. 9 . For BiTeBr, the DFT calculation gives Rashba parameters of which only k R is in the error range of the corresponding experimental value (see Table II ). In the case of BiTeCl (see Table III ), where the extrema of the valence and conduction bands appear at the Γ point (see Fig. 1 ), the Rashba parameters are again larger within the LDA than those obtained within the GGA. The latter are somewhat closer to experiment, while, in fact, only the values k R and α R fall within the error range of the experimental data.
We performed calculations of the many-body corrections with different convergence parameters N k and N b . In Table IV we present the corresponding RPA dielectric constants ǫ ∞ , which gives an indication of how the screening properties depend on the convergence parameters. As is clearly seen in the table, with the use of the GGA band structure an increase of the number of bands at a fixed N k has practically no effect on ǫ ∞ . For BiTeBr, the dielectric constant does not show significant changes, when N k is increased at fixed number of bands. However, increasing N k at fixed N b has a stronger effect in BiTeI and BiTeCl: The dielectric constant grows by ∼ 9% for the former, while it decreases by ∼ 5% for the latter. A similar situation is observed in the LDA case. An analysis has shown that for BiTeI the LDA-based RPA calculations of ǫ ∞ with N k = 7 and N b = 350 further increases the dielectric constant by ∼ 5%. As we demonstrate below, the quasiparticle spectrum is much less sensitive to the changes in N k and N b , and the fact that the dielectric constant is not fully converged with respect to the number of k-points (except for the BiTeBr case) does not affect the conclusions made from the obtained results. Now we discuss our results of the GW calculations, which are based on the LDA or GGA electronic states as a reference one-particle band structure. Fig. 1 (lower row) represents the GW results obtained with N k = 5 and N b = 350 (580 in the case of BiTeCl). It is worth noting that the changes in N k and N b have hardly an effect on the quasiparticle spectra, which is reflected in Tables I-III. As is clearly seen in the figure, the manybody corrections lead to a larger band gap, a smaller momentum offset, and a steeper dispersion along the Γ − A line. Having a closer look at the values in the Tables I-III the first observation is that the many-body quasiparticle corrections increase the band gap considerably with respect to the LDA and GGA values, bringing it very close to the experimental value indeed. In the case of BiTeI, the quasiparticle correction somewhat overestimates the experimental gap when the GGA reference is used, while the LDA+GW value is nearly on top of the experimental one. Second, the GGA+GW results listed in the tables demonstrate that the Rashba parameters are well converged. That is why we have performed the LDA+GW calculations with N k = 5 and N b = 350 (580) only. Third, in the GW calculations the difference between the Rashba parameters (E R and k R ) obtained with the use of different approximations to the XC functional is smaller than in the DFT calculations. Thus, we can infer with confidence that taking many-body corrections to the DFT band structure into account leads to a reduction of the Rashba energy and the momentum offset, which characterizes the Rashba-type spin-splitting of the bulk band-gap edges. The ratio of these parameters, as represented by α R , also demonstrates a reduction except for BiTeI, where it becomes larger. In BiTeI, the obtained GW results "worsen" the agreement with the experimental data. As a consequence, the interpretation done in Ref. 1 concerning the bulk nature of the Rashba-type spin-split state appears to be less legitimate in the light of the present GW values. On the other hand, in BiTeCl the GW corrections bring the theoretical and experimental values of the Rashba parameters into better agreement. The case of BiTeBr is a peculiar one. Here, the GW values for the Rashba energy E R and momentum offset k R underestimate the experimental values by about the same factor so that their ratio, given by the α R parameter, is in very close agreement with the experimental data.
Until the properties of quasiparticles in the surface state are calculated directly (which is a separate and very complicated problem at present), the presented results may serve as a basis for predicting the surface quasiparticle spectrum. Actually, as was experimentally established in Ref. 6 the offset k R in BiTeI found for the surface state is about 20% larger than that for the bulk conduction band. The same change has been theoretically obtained in Ref. 4 . Additionally, from DFT studies 3, 4 we know that the ratio between α R for the surface state and that for the respective bulk state amounts to 0.66. (Note that for BiTeCl one gets practically the same value, whereas for BiTeBr it is equal to 0.56. 7 ) For consistency, a similar ratio for the Rashba energy E R should be equal to 0.79. With these findings at hand, we can estimate Rashba parameters for the surface state at the BiTeI (0001) surface. Assuming the LDA+GW values as a basis, we enlarge k R by 20% and multiply E R and α R by 0.79 and 0.66, respectively. As a result, we arrive at values listed in Table I in the row marked as "Estimate". This estimate restores the good agreement, which was lost upon taking the GW quasiparticle corrections into account. This can be interpreted in favor of a surface nature of the state experimentally observed in Refs. 1 and 9.
Along with the dielectric constant and the band-gap width, the Rashba parameters estimated for the surface state in BiTeI indicate that in spite of the fact that at the DFT level, as a rule, the GGA gives more accurate results for the band structure than the LDA does, in pairs with the one-shot GW approximation the latter becomes more preferable. Thus, with the use of the results reported in Refs. 3, 4, and 7 we can make a similar estimate for the surface states at the (0001) surface of BiTeBr and BiTeCl. As seen in Tables II and III, there is no information about the lattice parameters and atomic positions. We suppose that apart from surface effects a possible difference in the crystal structure can lead to the disagreement we observe.
IV. CONCLUSION
In conclusion, we have presented quasiparticle spectra of bulk bismuth tellurohalides. We have shown that taking into account many-body corrections to the KS band structure from DFT calculations leads to a notable modification of the Rashba parameters (E R , k R , and α R ), which characterize the spin-orbit splitting of the conduction-band minimum. We have revealed that the resulting GW values of these parameters are well converged at a moderate k-point sampling of the BZ and number of bands and demonstrate a weak dependence on the approximation chosen for the exchange-correlation functional. We have found that the GW corrections improve the bulk band-gap value considerably with respect to the KS value. It should be noted that this value turns out to be quite sensitive to the choice of the exchangecorrelation functional on the level of KS DFT alone. We have shown that for BiTeI the GW values of the Rashba parameters for the bulk conduction band worsen the good agreement with experiment that was reached at the DFT level. Thus, in the light of the GW results, the interpretation of the state observed by the ARPES in Ref. 1 to be of a bulk nature appears less likely. The suggested estimate of these parameters for the surface state has restored the good agreement, which may indicate a surface nature of the state in question. We have also found that in the case of BiTeCl the experimental data cannot be reproduced by DFT. However, both the GW values of the bulk Rashba parameters and estimates for those of the surface state match the experimental values within the error bars of the experiment. As to BiTeBr, neither the DFT nor the GW approximation and the further estimate is able to reproduce simultaneously the available experimental data on E R , k R , and α R .
